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INFERENCING ENERGY USAGE FROM
VOLTAGE DROOP

BACKGROUND OF THE INVENTION

1. Field of the Invention

The embodiments of the invention relate generally to meth-
ods and devices for momitoring and analyzing electrical
energy consumption, consumer energy usage, identifying
devices that are consuming electrical energy, determining
line 1mpedance, and measuring and analyzing voltage
changes within a building.

2. Background Information

Increasing concerns about global climate change create
urgency to move toward systems that are able to provide
energy savings advantages. Employing a Smart Grid, an intel-
ligent energy generation, transmission, and distribution sys-
tem, can provide energy savings. The potential of the Smart
Grid lies 1n its integration and usage of Information Comput-
ing Technology (ICT) to deliver greater energy elliciency
than 1s available with the current electrical grid. Meeting
energy optimization challenge, in part, involves imbuing the
current infrastructure with improved measuring, monitoring,
inference, control, actuation, and manageability at many lev-
¢ls of the grid, including at the very edges of the infrastructure
where there are an ever-increasing number ol end-user
devices and appliances. Each of these smart venues may
potentially provide energy savings, not only by decreasing the
demand of energy during peak load times on a multiuser
clectrical grid, but also by using less energy overall.

BRIEF DESCRIPTION OF THE FIGURES

FI1G. 1 shows the deployment of a system for detecting and
analyzing energy consumption within a building.

FIG. 2 provides a device that plugs into an AC (alternating,
current) socket and that 1s useful for monitoring electrical
energy usage 1n a building.

FIGS. 3A through 3H show measured voltage signatures
for various devices, mcluding common household appli-
ances, and frequency signatures for a microwave oven.

FI1G. 4 provides a flow chart describing a method for iden-
tifying appliances from their measured voltage signatures.

DETAILED DESCRIPTION OF THE INVENTION

Heightened awareness of the cost of various behavioral and
usage patterns can ultimately decrease energy consumption
and slow down 1ts negative environmental impact. Embodi-
ments ol the present invention provide methods and devices
capable of measuring, analyzing, and monitoring electrical
energy consumption of devices within a building. Sensors are
employed within a building or section of a building to infer
the 1dentity of electricity-consuming devices and the amount
of power the devices are consuming individually and or col-
lectively. Embodiments of the mnvention provide ease of
installation, simplicity, manageability, and ease-of-use that
can engender deployment by home owners and businesses.
Deployment of sensing systems within the space being moni-
tored aids end-users in controlling the data generated.
Embodiments of the invention enable the adoption of edge-
device energy monitoring and improvements in consumer
energy efficiency.

Throughout the present disclosure, electrical energy may
be referred to in terms that are specific to a geographic locale
and type of end user for purposes of illustration, however,
embodiments of the invention are employable 1n other locales
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2

having different standards for the delivery of electrical energy
to end users and different types of end users. For example,
clectrical energy 1s typically delivered to end users 1n the
United States at 60 Hz and approximately 120 V (1.e.,
between 114 and 126 V most of the time). In other countries,
for example, power 1s generated at 50 Hz or a mixture of 50
Hz and 60 Hz and can vary from about 120V to about 240 V.
Other frequencies and voltages for alternating current (AC)
are also possible.

FIG. 1 provides a system for monitoring electrical energy
usage within a building. The building i1s a business or a resi-
dence or part thereof and 1s, for example, a home, an office, a
factory, a store, or other place of business or residence 1n
which electricity-consuming devices are employed. In FIG.
1, electrical energy 1s supplied to a building 105 from the local
clectrical grid 110 as alternating current (60 Hz) through
power lmme 115. Two lines 116 and 117 that are each at
approximately 120V supply electrical power to rooms 125 1n
the building. For some larger energy-consuming device(s),
the two branches 116 and 117 are joined so that the device(s)
receive 240 V. The amount of power consumed by the build-
ing 105 (or a section thereot) 1s typically measured by power
meter 120. Optionally, the power meter 120 1s capable of
transmitting information regarding recorded energy usage for
the building (either through hard wiring or wirelessly). The
rooms 125 contain various devices 130, 131, and 132 that use
power 1n varying amounts at varying times during the day and
night. In this embodiment, two electrical power usage moni-
tors 135 are supplied, one for each 120 V branch, however,
other numbers of monitors are possible. For monitoring an
entire building or section of a building 1n which power 1s
delivered 1n two branches, at least two electrical power usage
monitors 135 are employed in order to monitor each branch
and achieve a value for the energy consumption of the build-
ing or section of the building being monitored.

Electricity-consuming devices 130, 1n FIG. 2, are devices
configured to operate on 120 Volts typically found 1n a home,
such as, for example, lights, televisions, video equipment,
audio equipment, computers, security systems, heaters, air
purifiers, air conditioners, printers, faxes, microwave ovens,
colfee makers, toasters, some ovens, some clothes washers,
dish washers, water heaters, clocks, thermostats, and clothes
dryers. Electricity-consuming devices 131 are devices that
use 240 V power typically found in a home, and are, for
example, electric clothes driers, electric clothes washers, dish
washers, air conditioners, heaters, electric water heaters,
clectric ovens, and reifrigerators. The preceding lists are
exemplary and certainly not exhaustive of the types of elec-
tricity-consuming devices monitorable according to embodi-
ments of the invention. Electricity-consuming device 132 1s a
computer system that receives mput from electrical power
usage monitors 1335, either wirelessly, or through wired con-
nections. Computer system 132 1s optionally connected to the
internet 145 and 1s able to receive data from and send data to
remotely located computer systems. Usage monitors 135 are
plugged into socket outlets 140, and the two usage monitors
135 are each plugged 1nto a socket outlet 140 that 1s powered
by a different branch (116 and 117) of the power line 115. In
alternate embodiments, the electrical power usage monitors
135 are operably coupled to the power lines 116 and 117
without an intervening plug and socket combination.

In general, computer system 132 1s a data processing sys-
tem comprised of a computer and various mput and output
devices, such as, for example, displays, keyboards, pointing
devices (such as mice and joysticks), modems, and data stor-
age devices. The computer system 132 encompasses a single
machine or a system of communicatively coupled machines
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or devices operating together. Example computer system ele-
ments include, without limitation, distributed computing sys-
tems, supercomputers, high-performance computing sys-
tems, computing clusters, mainframe computers, mini-
computers, client-server systems, personal computers (PCs),
workstations, servers, portable computers, laptop computers,
tablet computers, personal digital assistants (PDAs), tele-
phones, handheld devices, entertainment devices such as
audio and/or video devices, and other devices for processing
or transmitting information. Optionally, computer system
132 1s not located within building 105 being monitored.

Typically a computer has a processing system, including a
processor that 1s communicatively coupled to one or more
volatile or non-volatile data storage devices, such as random

access memory (RAM), read-only memory (ROM), mass
storage devices such as serial advanced technology attach-
ment (SATA) or small computer system interface (SCSI) hard
drives, and or devices capable of accessing media, such as
floppy disks, optical storage, tapes, tlash memory, memory
sticks, CD-ROMs and or digital video disks (DVDs). The
term ROM refers to non-volatile memory devices such as
crasable programmable ROM (EPROM), electrically eras-
able programmable ROM (EEPROM), flash ROM, and or
flash memory. The processor may also be communicatively
coupled to additional components, such as video controllers,
SCSI controllers, network controllers, universal serial bus
(USB) controllers, and mput devices. Communications
between elements of the computer system, additional proces-
sors, and or the electrical usage monitors can occur using
various wired and or wireless short range protocols including,
USB, WLAN (wireless local area network), radio frequency
(RF), satellite, microwave, Institute of Electrical and Elec-
tronics Engineers (IEEE) 802.11, Bluetooth, optical, fiber
optical, infrared, cables, and lasers.

In some embodiments, computer system 132 1s communi-
catively coupled to a second processor (not shown) that runs
soltware for driving the electrical power usage monitors 135
and receives, stores, and or analyzes data from the electrical
power usage monitors 135. Computer system 132 addition-
ally typically comprises software for driving the electrical
power usage monitors 135 (in the absence of a second pro-
cessor), for communicating with the second processor and
receiving data from the second processor, for analyzing data
and providing a user electrical power usage data, directing the
storage of data, and or accessing a database of appliance
signatures, and a display device (not shown) for displaying
raw and or analyzed data relating to energy consumption.
Software for energy usage monitoring is optionally provided
to computer system 132 on a computer readable medium that
1s accessed locally, such as on devices such as floppy disks,
flash memory devices, digital video disks, and CD-ROMs,
and or 1s available for download from an internet site where 1t
1s stored 1n memory 1n a computer readable format. As dis-
cussed further herein, computer system 132 may also com-
prise a database of appliance signatures stored in an acces-
sible memory device and or a computer readable format.
Databases of appliance signatures are also optionally stored
in memory devices accessible through the internet or on
devices such as hard drives, floppy disks, flash memory
devices, digital video disks, and CD-ROMs. Optionally, the
computer system 132 gathers data from the power meter 120
(e1ther wirelessly, through wired connections, or data 1s input
by a user) and uses the power meter data 1n conjunction with
the data from the power usage monitors 135 to generate
information regarding energy usage within the building 105.

FIG. 2 provides a device capable of determining line
impedance and operating as a voltage sensor for inferring
which appliances are operating and how much power they are
consuming. The impedance determination 1s an optional ele-
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ment of the device of FIG. 2. The device of FIG. 2, an elec-
trical power usage monitor, plugs into a socket outlet (not
shown) that delivers electrical energy to a building using plug
205. Plug 205 allows the electric power lines of a building to
be monitored by the electrical power usage monitor. In alter-
nate embodiments, the electric usage monitor 1s more directly
connected the electric power line being momtored without an

intervening plug/socket combination. An advantage of the
plug/socket combination 1s that 1t allows installation of elec-

trical power usage monitors by individuals who are not nec-
essarily skilled 1n the electrical wiring of buildings. Plug 2035
1s electrically connected to electronics for measuring voltage
and also (optionally) to electronics that allow the measure-
ment of line impedance. The electronics for measuring volt-
age include, a transformer 210 capable of stepping down the
AC power 1nput to the analog to digital converter 215 (ADC
or A/D converter) that measures the voltage. The transformer
210-ADC 215 coupling also includes a bias circuit (not
shown) capable of centering the bias voltage at a known
value. The analog to digital converter 1s, for example, a 13B
SPI A/D (MCP3303) (an A/D converter typically used for
sound generation) or a VSK-S3-3R3U. In operation for an
exemplary embodiment, the output of the VAC transformer
210 1s biased at a reference voltage (such as, for example,
Vrel=2.5V) filtered at 240 Hz using an RC (resistor-capacitor
circuit) filter, and the voltage 1s scaled with a 1 K potentiom-
eter to approximately 5V peak output for 130V VAC 1nput. In
embodiments of the invention, a 10 bit A/D converter was
used, however the use of other A/D converters with the same
or different resolution values 1s possible. The ADC 215 1s
operably connected to a general purpose input/output control-
ler (GPIO) 220 which 1s in turn operably connected to a
controller 225 (such as, for example, through a USB 1inter-
face) that has a processor capable of running software, the
soltware that drives the operation of an electrical power usage
monitor, operably coupled memory for storing the software,
and input/output capabilities. Controller 223 1s operably con-
nected to a host computer system 230 that i1s capable of
receiving data from controller 223, storing the data, analyzing
the data, and outputting the raw and analyzed data. In alter-
nate embodiments, some or all of the functions of controller
225 are performed by the host computer system 230. Host
computer 230, 1s, for example, wirelessly ((IEEE) 802.11)
connected to controller 225,

Optional impedance determination circuitry in electrical
power usage monitor of FIG. 2 comprises, resistor 235 that 1s
capable of applying a known load and that 1s connected 1n
series to a triode for alternating current (TRIACs or bidirec-
tional triode thyristor) 240. In FIG. 2, one resistor-coupled
TRIAC unit 1s provided, although other numbers are also
possible, such as, for example, a number of units that 1s from
one to twenty five or more. In general, the number of resistor-
TRIAC units employed depends 1n part on the types of resis-
tors and TRIACs employed, the amount of heat generated by
the resistor-TRIAC units (and the amount of time necessary
for the resistor-TRIAC units to cool between voltage sam-
pling measurements), and cost of manufacture concerns and 1t

1s possible to employ larger numbers of resistor-TRIAC unaits.
The TRIACs 240 are operably connected to TRIAC drivers

(not shown), such as for example, MOC3036 and MOC3010
random-phase optoisolators, which are operably connected to
GPIO 220 that allows controller 225 to pulse the TRIACs 240
and measure the voltage for the known load provided by
resistors 235. Resistors 235 are, for example, 40 Ohm (25 W)
resistors or 3.5 Ohm PTC (posﬂwe temperature coelficient)
thermistors. In embodiments in which resistors 233 are PTC
thermistors, a thermal measurement device (not shown)
capable ol measuring the operating temperature of the resis-
tors 1s optionally provided. Thermal measurement devices are
operably connected to GPIO 220. A thermal measurement
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device 1s added to allow a calibration curve in software to
enhance the accuracy of the P1C thermistor. Additionally, the
thermal measurement device determines the starting tem-
perature and therefore that thermistor resistances are within
valid ranges 1n our calibration routine.

An exemplary calculation 1s as follows. The electrical
power usage monitor collects samples of the AC voltage with
an 1solation transformer, attenuator, and bias circuit to accu-
rately center the bias at V ;/2 and then presents 1t to a 10 bit
ADC for conversion to digital format. The 60 Hz (or 50 Hz in
the Furopean Union, for example) sine wave 1s sampled at
greater than N samples per second to achieve necessary reso-
lution of peak data and zero crossings. Sampling yields a max
error 1n peak voltage of:

Error=1-cos(2nf_/N),

where 1 1s the fundamental power line frequency. At 10 bit
resolution of a 3.3 V peak to peak (p-p) signal representing a
400V ,_, line voltage (approx 120V, +20%) and an assumed

typical R, _ of 0.5 Ohm the usaggmlil_onitor would report a
power of:

line

P, =taV__ 2/(2°°R, )=76 mW (approx.)

line

for each bit of peak voltage droop from the maximum voltage
measured. For a samplerate, N, that supports a 1 W resolution
or approximately 13 times what the 10 bit sampling provides,
the sample rate error dominates. Therefore, since the mini-
mum error 1s given by:

P

e

z'n:(sz'n $Rfin€)0.5:0'707 V:

a minimum sample rate 1s:

S, . =2nf /a cos(1-(V _./V _ ))=4482 per second.

A range of voltage sampling rates that 1s useful 1s between
500 and 10,000 samples per second, between 1,000 and 5,000
samples per second, and between 3,000 and 5,000 samples
per second.

The AC line resistance 1s used to compute line current from
measured voltage drops. An optical coupled TRIAC driven by
a programmable GPIO enables timed electrical current bursts
to a nonlinear positive temperature coellicient (PTC) ther-
mistor. The PTC thermaistor 1s used to provide a meaningiully
strong calibration current without adding excessive average
power draw 1nside the sensor case and to provide a failsafe
method to limit the time the calibration 1s applied regardless
of the state of the sensor controller. Current tlow for 100 ms
can provide for a complete burst signal while minimizing heat
generated on the PTC thermistor. Additionally, a temperature
sensor on the PTC thermistor ensures consistent and accurate
resistance values. The measured values provide calculated
AC line impedance and a reference voltage droop/power cor-
relation.

Line impedance 1s, for example, calculated as follows:
Maximum voltage (V_ ) 1s set to 400 V and to calculate
actual line voltage, the count, N. .. the voltage just prior to
firing the TRIAC, 1s known. The PTC thermistor 1s applied
across the AC line and minimum voltage 1s observed. In this
example, the PTC thermistor 1s a 3.8 Ohm cold device with a
mimmum resistance R . =3.2 Ohms which occurs 1n 1ts heat-
ing cycle. Maximum current is achieved at 3.2 Ohms and then
rapidly recovers to a very small value based on the PTC
thermistor characteristic. The voltage value when the current
1s a very small value 1s N_ . :

I/inz'r: Vmax $Mnit/1\7max ELIld Vm ir - Vmcxx $Nmin/3\7max

I, =V, . /R

PRI PRI

and then Rh’ne:( Vmax_ mz’n)/fmax and

Rh’nez((Nmamez'n)_l)Rmz’n Gerﬁnez((Vmax/sz'ﬂ)_l)
R

i
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Some example values are: N =1024, N__ =900, R . =3.2
giving R, =0.44 Ohms. In the above, N . 1s a value sampled
from the A/D converter for the voltage on the line, V____1sthe
maximum voltage for the line being measured, andV_ . 1sthe
voltage on the line when the resistance of the PTC thermistor
1s at 1ts minimum.

The impedance of a power delivery line (R, ) 1nabuilding

1s determined according the following relationship:

R, =((N,_/N_.)-1)*(thermistor R value)

where N 1s a calibration value for the A/D converter that
represents the maximum voltage that can be measured on the
device and N_ . 1s the mimmimum voltage value measured on
the A/D converter when the PTC thermistor has a resistance
value that 1s the minimum resistance value for the PTC ther-
mistor. The thermistor R value 1s the mimimum R value sup-
plied by a PTC thermaistor. The relationship can alternatively
be expressed as:

R, =((V,__ 7V . )—1)*(thermistor R value)

where V_ __1s the maximum voltage for the line being mea-
sured, and V _ . 1s the voltage on the line when the resistance
of the PTC thermistor 1s at 1ts minimum.

For the embodiment employing known resistive loads that
are not PTC thermistors, the PTC thermistors behave as loads
placed across the line, which can be switched in. A known
load across the line and a measurement of the voltage, allows
the impedance upstream to be estimated. The voltage drop
obtained with respect to the known resistive load, allows the
current to be calculated. An estimate of the power being
drawn from the lines 1s obtained from the voltage measure-
ment.

The power used by an electric appliance 1s calculated, for
example, using the equation P=V°R, where P is the power, V
1s the measured voltage droop on the electrical line as a result
of the appliance being on and drawing power from the line,
and R 1s the impedance of the electrical line of the house. The
amount of energy used can be determined from the summa-
tion of the measured voltage changes over time attributable to
the appliance. In the alternative, the energy consumed by an
appliance can be determined, for example, aiter the identity of
the device 1s determined, from a source of appliance operat-
ing characteristics that provide information regarding the
energy usage ol the appliance as a function of time and the
measured amount of time the device 1s operational. Further,
the measured value for energy usage for the appliance can be
compared to the published value for the appliance to deter-
mine 11 the appliance 1s functioning within expected param-
cters. An unusually high power consumption rate for an appli-
ance, for example, can be an indication that the appliance 1s 1n
need of service (such as, for example, that a filter needs to be
replaced 1n a home heating unit).

When current 1s applied through the PTC thermistor, an
N . factoris calculated to correlate a voltage droop to power
usage. Current (I) 1s calculated using the known PTC ther-
mistor resistance: I=V__/(thermistor R value). Power 1s cal-
culated by the product of V,_ _ (this 1s a measured value for
root mean square voltage) and the calculated current (1) value.
The N, factor 1s calculated by correlating the calculated
power with the observed voltage droop which is the differ-

ence of the calibration pulse (N -N

mz’n) .

N,

et

L=V f(thermistor R value))*(V,,, /(N . —
Nmz’n))'

FIGS. 3A-F show voltage signatures for a PCT thermistor
and household appliances that were obtained through moni-
toring the voltage droop on the electrical power line to which
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the appliances were connected as a function of time. For the
voltage signatures of FIG. 3, the appliances were turned on
and the voltage signal was captured at 4,000 samples per
second at 10 bit resolution. The 4K sampling rate provides
about 66.67 samples for each complete 60 Hz waveform,
therefore about 33.33 samples for each positive/negative peak
value are available to use for signal analysis and appliance
identification. In general, for appliance measurements, the
appliances were attached to a 120 V line that was monitored
using a device similar to that of FIG. 2. In FIG. 3, the y axis
(the vertical axis) 1s voltage (V) and the x axis 1s time 1n
seconds. FIG. 3A shows the voltage signature for the PTC
thermistor used to calculate line impedance. In FIG. 3A, the
voltage signature for the calibration pulse 1s shown, and N,
1s the value before the voltage starts to drop, and N

_ 18 the
count at the bottom of the dip 1n the voltage. FIG. 3B shows
the voltage signature for a microwave oven on high power and
FIG. 3C shows the voltage signature for a microwave oven on
low power. FI1G. 3D show the voltage signature for a refrig-
erator, F1G. 3E shows the voltage signature for a toaster, and
FIG. 3F shows the voltage signature for a LED television
(LED (light emitting diode)).

In embodiments of the invention, energy usage in a build-
ing 1s inferenced according to the method illustrated by FIG.
4. Voltage signatures for electric devices (1.e., loads) consum-
ing power from an AC electric power delivery line 1n a build-
ing are obtained by measuring power line voltage as a func-
tion of time. Values for the line voltage are captured at a
sampling rate of between S00 samples per second and 10,000
samples per second and a signature for the appliance (load) 1s
generated. Optionally, event detection 1s used to initiate pat-
tern analysis. An event 1s detected when a load 1s applied to
the AC line and a voltage droop having a value above a
selected value 1s detected. For example, event detection can
be mitiated when a 50 Watt correlated voltage droop 1s
detected.

Optionally, the load 1s initially characterized according to
the magnitude of the voltage droop. In determining the 1den-
tity of the load, the range of possibilities for the identity of the
load 1s optionally narrowed to a group of possible devices that
create a similar magmtude of voltage drop (within a selected
range). In embodiments of the invention, the voltage drop at
or near the beginning of device operation 1s selected for the
initial characterization, although 1t 1s also possible to select a
voltage drop at a different time value. The pattern created by
the voltage signature for the load (the measured voltage as a
function of time over a selected time period of operation), 1s
compared to voltage signature(s) mn a database of voltage
signatures for known devices to determine the 1dentity of the
load.

Voltage signal analysis (pattern matching) occurs using a
peak detector for both the positive and negative amplitude of
the 60 Hz sine wave. Pattern matching occurs using some and
or all of the voltage signature obtained. In general, a voltage
signature optionally begins when the device 1s turned on and
optionally ends when the device 1s turned off, although a
voltage signature for less than the full time the device 1s
turned on 1s possible. Typically, for devices that are 1n opera-
tion for long periods of time, voltage signatures obtained at
the beginning of operation are used initially in pattern match-
ing analysis. In some instances, the beginning of the voltage
signature as the appliance 1s turning on 1s especially informa-
tive with respect to the 1dentity of the device. For example,
pattern matching occurs using a portion of the voltage signa-
ture obtained after the device 1s turned on, such as the first
thirty seconds to five minutes of the voltage signatures, or a
portion thereof. If no pattern match i1s found, the pattern
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matching process 1s optionally repeated using more of and or
different time periods of the voltage signature. A threshold
value 1s chosen for the mimmum percentage match for the
pattern necessary to i1dentify an appliance. The threshold
value chosen depends on the type of device and the frequency
of the stored pattern. Ultimately, threshold values are chosen
that provide a desired level of accuracy for appliance 1denti-
fication.

Additional analyses are optionally performed on the volt-
age signatures detected. For example, fast four transform
(FFT) and bicoherence algorithms can yield spectral fre-
quency signatures that can be matched to known spectral
signatures for appliances that are also stored in a database.
Fast four transform (FFT) and bicoherence algorithms are
applied to some and or all of the voltage signature obtained,
particularly 1n the transient stages of the appliance. In some
instances, the beginning of the voltage signature as the appli-
ance 1s turning on 1s especially informative with respect to
producing distinctive spectral signatures that allow the 1den-
tity of the device to be determined. Simple 1dentification of
the voltage signature can aid 1n selecting windows of data to
be analyzed in the frequency domain. FIGS. 3G and 3H show
the frequency analysis of two measurements of the turn on of
a microwave magnetron. In FIGS. 3G and 3H, the y axis
represents the number of occurrences for a particular fre-
quency and the x axis 1s frequency. The window of data 1s the
magnetron turn on event and a FFT analysis has been per-
formed. The two graphs demonstrate a strong pattern that can
be used for pattern matching and device 1dentification.

Together, voltage/time analysis (voltage signature match-
ing), windowed frequency analysis, along with statistical
analysis and likelthood of device turn on results 1n a compos-
ite score of likelihood that a particular device or scenario of
devices turned on. A composite device detection score can be
used to identily an electrical device that 1s operating. The
composite device detection score takes into account the
observed behavior of the appliance within its operating envi-
ronment, the voltage/time pattern matching (voltage signa-
ture matching), and frequency signal matching for portions of
the voltage signature. For example, the device may only be or
typically be used during certain periods of the day, such as a
toaster that 1s used primarily four times in the morning, a
water heater that goes on periodically through out the day, a
microwave with a distinct frequency signal due to the charg-
ing ol the magnetron, or a washing machine with a predict-
able timed pattern behavior found in the voltage signature. A
particular portion of the composite device detection score
may receive a higher weighted score depending on the behav-
ior of the device. For example, the statistical usage analysis
score for the toaster goes higher during periods 1n which the
toaster 1s expected to be operational, the washing machine
may recerve a higher weight for voltage signature pattern
matching, and the microwave may recerve a higher weight for
frequency pattern matching. Further, if data 1s available from
additional devices, such as, for example, the thermostat in the
building, appliance 1dentity for heaters and air conditioners
can be determined using the data from the thermostat indi-
cating the appliance 1s 1n operation.

In mstances 1 which two AC lines are provided in the
building being monitored for electrical energy usage, the
detection of simultaneous voltage signatures by electrical
power usage monitors attached to each line indicates an appli-
ance 1s drawing power from both lines. In this 1nstance, the
voltage measured by one electrical power usage monitor 1s
doubled, or the voltage from usage monitor(s) associated with
the first 120 V line 1s added to the voltage drop found at the
usage monitor(s) associated with the second 120 V line to




US 8,738,195 B2

9

determine the power used by the appliance and also option-
ally to perform voltage signature pattern matching for appli-
ance 1dentification.

Two appliances that turn on simultaneously within detec-
tion limits are typically a rare occurrence. In the instance in
which no pattern match 1s found and or when the nitial
voltage droop 1s not an expected value disaggregation 1s per-
formed, for example, by subtracting known voltage signa-
tures from the observed voltage signature and performing
pattern matching analysis on the resulting voltage signature
in the time and frequency domain. Stmilarly, for the situation
in which three or more appliances turn on simultaneously
within detection limits, two or more known voltage signatures
are subtracted from the observed voltage signature and pat-
tern matching 1s performed on the resulting voltage signature
alter subtraction. In the situation 1n which a second load turns
on at some point aiter a first load has turned on, disaggrega-
tion 1s performed, for example, by subtracting known voltage
signatures from the observed voltage signature and perform-
ing pattern matching analysis on the resulting voltage signa-
ture. Further venfication 1s done with spectral analysis on
windowed, transient data points.

Pattern matching for voltage and frequency signatures
involves the comparison of a signature obtained from an
clectric-power-using device attached to the electrical power
line being monitored with signatures for known appliances. A
database 1s created containing voltage signatures of appli-
ances and the identity of the applhiance associated with the
voltage signature. The database can also contain frequency
signatures for appliances and the i1dentity of the appliance
associated with the frequency signature. Within the energy
consumption monitoring system, the database of known sig-
natures 1s stored either locally on a data storage device oper-
ably coupled to the processor performing the pattern match-
ing analysis and or on one or more databases accessible
through the internet cloud. Typically, the database, 1n order to
be usetul, will have a large number of signatures for known
appliances. However, depending on the end use, a smaller
database containing known devices previously detected in the
environment 1s also usetful. In embodiments of the invention
the database has at least 10 signatures. The database of known
voltage signatures 1s populated with voltage signatures
obtained from a source external to the building being moni-
tored and or obtained from a signature measured on the elec-
tric power line being monitored. A local database 1s option-
ally extended to one or more databases that exist in the
internet cloud. The database 1s optionally populated with
additional signature information, such as frequency signa-
tures resulting from fast four transform (FFT) and bicoher-
ence analysis of the transient states of the electrical device.
Optionally, the database also comprises rankings for spectra
that are indicative of likelihood that the device will be a device
deployed 1n a home. In operation, the database 1s optionally
modified to create group(s) of appliances that are known to be
in the building being monitored and during system operation
these groups can be used for pattern matching first.

In one embodiment, pattern matching 1s performed using,
the locally stored data and if no pattern match 1s found, the
search for a matching pattern i1s extended to voltage and
frequency signatures available through the internet. I a pat-
tern match 1s found, the voltage signature and identity of the

associated appliance 1s stored 1n the local database. The result
1s that all electrical devices detected 1n the environment are
stored 1n the local database. Information stored 1n database
format for an appliance can include 1nitial and transient time
based on and off patterns, a complete time based voltage
signature with data windows for frequency analysis, and or
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spectral signatures of relevant windows of the transient data.
Database information also optionally includes a general pat-
tern of usage in ifrequency and time of usage

Pattern matching analysis becomes faster as the universe of
appliances in the building being monitored 1s determined and
pattern matching can occur 1n a first pass using the universe of
known appliances within the building. If no match 1s found
then voltage signatures from outside the universe of known
appliances are used for pattern matching. Optionally, a user
may nput an 1dentity value to be associated with a particular
load for some or all of the loads being monitored. For
example, 1f the user plugs 1n a freezer 1n the garage and a
voltage signature 1s sensed by the energy monitoring system
as the freezer turns on, the user can assign a value to the
particular signature that 1s captured by the energy monitoring
system, such as “ireezer 1n the garage,” and can also option-
ally input manufacturer information. The voltage signature
for the i1dentified appliance 1s stored in the database and
associated with the group of appliances known to be operat-
ing within the house. The next time the freezer turns on, the
system optionally searches first within the group of appli-
ances known to be operating within the house to 1dentily the
freezer as the appliance operating and generating the
recorded voltage signature.

Further, the database can also be populated with usage
information indicative, for example, of how often and when
the device 1s likely to be used, and whether the device 1s likely
to be used 1n conjunction with other devices, for statistical
behavior analysis.

Optionally the impedance of the building power line 1s
determined once and the value obtained 1s used to determine
clectrical energy consumed by appliances drawing power
from the building power line. Alternatively, the impedance of
the line 1s determined repeatedly at intervals during the col-
lection of voltage information from the AC power line.

Guidance 1s optionally provided for electrical energy usage
monitor user installation by software associated with a com-
puter system that 1s receiving and analyzing data for the
clectrical energy usage monitors. A user that 1s installing
clectrical energy usage monitors i a home setting, for
example, may encounter a situation 1in which there are two
different AC lines that need to be monitored 1n order to cap-
ture the energy usage within the entire home. Without access
to a wiring chart for the home, the user might not know which
lines or socket outlets coupled to which AC lines. After instal-
lation of the electrical energy usage monitors, the detection of
the same voltage events on both usage monitors simulta-

neously 1s an indication that the monitors have been installed
on the same AC line and one monitor needs to be moved until
it 1s 1nstalled on the different AC line. The user 1s alerted to
this situation and advised to move a monitor until the moni-
tors are located on the two different lines.

Energy consumption 1s determined using values for the
impedance of the lines and the measured values for voltage
drop as a function of time. User mterfaces are provided for
displaying energy consumption data as a function of time and
as a function of 1dentity of appliance. The energy consump-
tion for a device 1s optionally output, for example, as an
amount of energy per unit of time (such as an hour, a day, and
or a week, etc.), an amount of energy consumed for an on/off
cycle for the device, and or 1n a continuous update format,
such as power being currently consumed by devices currently
in operation.

If the energy consumption of an identified appliance
changes or increases over time, an alert 1s optionally pro-
vided. An increase 1n energy consumption for an electric
heater can, for example, indicate that the filter associated with
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the heater 1s clogged and needs to be cleaned. For appliances
without a distinctive signature, such as for example, lights,
additional sensors are optionally employed to determine the
periods of operation for the appliance, such as, for example,
photodetectors (photocells) and vibration sensors. Some
appliances may additionally come with sensors for determin-
ing when they are operational. Sensor information 1s trans-
terred to the computer system for recording and analysis.
Persons skilled 1n the relevant art appreciate that modifi-
cations and variations are possible throughout the disclosure
and combinations and substitutions for various components
shown and described. Reference throughout this specification
to one embodiment or an embodiment means that a particular
feature, structure, material, or characteristic described in con-
nection with the embodiment 1s included in at least one
embodiment of the invention, but does not necessarily denote
that they are present in every embodiment. Furthermore, the
particular features, structures, materials, or characteristics
may be combined 1n any suitable manner in one or more
embodiments. Various additional layers and/or structures
may be included and/or described features may be omitted in
other embodiments.
We claim:
1. A method for determining the i1dentity of an electric
energy consuming device, comprising,
capturing values for voltage supplied by an electric power
delivery line 1n a building as a function of time from an
clectrical power usage monitor attached to a socket out-
let of the electric power delivery line wherein the elec-
trical power usage monitor 1s capable of detecting a
voltage supplied by the electric power delivery line and
wherein the electrical power usage monitor 1s operably
connected to a processor wherein the processor is
capable of directing the capture of voltage values by the
clectrical power usage monitor and 1s capable of causing
the storage of data 1n a memory device,
creating a voltage signature for an unknown electric energy
consuming device that 1s connected to the electric power
delivery line wherein the voltage signature comprises
detected values 1n the voltage supplied by the electric
power delivery line as a function of time during the
operation of the unknown electric energy consuming
device and wherein the unknown electric energy con-
suming device 1s directly connected to the electric power
delivery line through a socket outlet and 1s not connected
through the electrical power usage monitor,

determining the identity of the unknown electric energy
consuming device based on the similarity of the voltage
signature of the unknown electric energy consuming
device to the voltage signature of a known electric
energy consuming device.

2. The method of claim 1 wherein attaching occurs by
plugging the electrical power usage monitor into a socket
outlet that 1s electrically connected to the electrical power
delivery line being monitored.

3. The method of claim 1 wherein the voltage 1s captured at
a sampling rate of between 500 and 10,000 samples per
second.

4. The method of claim 1 wherein the voltage 1s captured at
a sampling rate of between 3000 and 5000 samples per sec-
ond.

5. The method of claim 1 wherein determining the identity
includes performing fast Fourier transform or bicoherence
analysis on all or part of the voltage signature of the unknown
clectric energy consuming device and matching the resulting
frequency spectrum to that of a known electric energy con-
suming device.
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6. The method of claim 1 wherein the voltage signature
used to determine the 1dentity of the unknown electric energy
consuming device 1s obtained during the first thirty seconds of
operation of the electric energy consuming device.
7. The method of claim 1 also including creating a com-
posite device detection score for use 1in 1dentifying the electric
energy consuming device based on a statistical analysis of the
observed usage patterns for the electric energy consuming
device.
8. A method for monitoring the electrical energy consump-
tion 1n a building, comprising
capturing values for the voltage supplied by an electric
power delivery line 1n a building as a function of time
from an electrical power usage monitor attached to a
socket outlet of the electric power delivery line wherein
the electrical power usage monitor 1s capable of detect-
ing a voltage supplied by the electric power delivery line
and wherein the electrical power usage monitor 1s oper-
ably connected to a processor wherein the processor 1s
capable of directing the capture of voltage values by the
clectrical power usage monitor and 1s capable of causing
the storage of data 1n a memory device and storing the
values 1n the memory device,
creating a voltage signature for an unknown electric energy
consuming device that 1s connected to the electric power
delivery line wherein the voltage signature comprises
detected values 1n the voltage supplied by the electric
power delivery line as a function of time during the
operation of the unknown electric energy consuming,
device and wherein the unknown electric energy con-
suming device 1s directly connected to the electric power
delivery line through a socket outlet and 1s not connected
through the electrical power usage monitor,

determining the i1dentity of the unknown electric energy
consuming device based on the similarity of the voltage
signature of the unknown electric energy consuming,
device to the voltage signature of a known electric
energy consuming device, and

calculating a value for the power consumed by the 1denti-

fied electric energy consuming device as a function of
time using the values obtained for the changes 1n voltage
associated with the operation of the device and a value
for the impedance of the electric power delivery line.

9. The method of claim 8 wherein the electrical power
usage monitor 1s also capable of determining a value for a
voltage drop on electrical power delivery line when a known
resistive load 1s applied to the electrical power delivery line.

10. The method of claim 9 wherein the impedance of the
clectric power delivery line 1s determined by

obtaining a value for a voltage drop on electrical power

delivery line when a known resistive load 1s applied to
the electrical power delivery line, and

dividing the maximum voltage in the power delivery line

by the voltage measured when the known resistive load
1s placed across the line, subtracting the number 1, and
multiplying a resulting value by the resistance of the
known resistive load.

11. The method of claim 8 wherein the voltage 1s captured
at a sampling rate of between 3500 and 10,000 samples per
second.

12. The method of claim 8 wherein the voltage 1s captured
at a sampling rate of between 3000 and 5000 samples per
second.

13. A computer readable storage medium storing instruc-
tions that when executed by a computer cause the computer to
perform a method of monitoring the electrical energy con-
sumption 1 a building, the method comprising;:
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capturing values for the voltage supplied by an electric signature of the unknown electric energy consuming,
power delivery line in the building as a function of time device to the voltage signature of a known electric

from an electrical power usage monitor attached to a energy consuming device.
socket outlet of the electric power delivery line wherein 14. The method of claim 13 also comprising calculating a
the electrical power usage monitor is capable of detect- 5 Value for the power consumed by the identified electric
ing a voltage supplied by the electric power delivery energy consuming device as a function of time using the
line, values obtained for the changes in voltage associated with the
operation of the device and a value for the impedance of the

storing captured values for voltage supplied by an electric

power delivery line as a function of time, and

creating a voltage signature for an unknown electric energy
consuming device that is connected to the electric power
delivery line wherein the voltage signature comprises by
detected values 1n the voltage supplied by the electric
power delivery line as a function of time during the
operation of the unknown electric energy consuming
device and wherein the unknown electric energy con-
suming device 1s directly connected to the electric power
delivery line through a socket outlet and 1s not connected
through the electrical power usage monitor, and

determining the identity of the unknown electric energy
consuming device based on the similarity of the voltage I T T

clectric power delivery line.
10 135. The method of claim 14 wherein the value for the
impedance of the electric power delivery line 1s determined

obtaining a value for a voltage drop on electrical power
delivery line when a known resistive load 1s applied to
15 the electrical power delivery line, and
dividing the maximum voltage i the power delivery line
by the voltage measured when the known resistive load
1s placed across the line, subtracting the number 1, and
multiplying a resulting value by the resistance of the
20 known resistive load.
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